We set up a low frequency noise generation room to study the relationship between rattling phenomena and low frequency noise. Auditory thresholds and visual thresholds of rattling phenomena were measured for six kinds of Japanese and European doors. This paper describes the thresholds of rattling phenomenon for these doors, especially the Shoji (a thin paper pasted sliding door) and the Garasudo (a sliding door with glass panels). This study shows a relationship between the rattling thresholds and the resonance frequencies, changes of these thresholds according to the seasons and differences between auditory threshold curves and visual threshold curves.
INTRODUCTION
We investigated many complaints of low frequency noise. Low frequency noise causes physical and/or psychological effects, and many sufferers notice the low frequency noise as rattling of windows or doors (Figure 1 ). Sometimes they are afraid that the rattling of windows or doors is a sign of an earthquake because windows or doors rattle without wind. Therefore we studied the relationship between low frequency noise and rattling for Japanese and European doors.
EXPERIMENTAL SYSTEM AND MODEL OF WINDOWS AND DOORS
The low frequency noise generation room (experimental room) is shown in Figure 2 . The width and the height of the room are determined by the size of Figure 1 .
Direct/indirect effects of LFN Japanese traditional doors to permit installation of two sliding doors in front of the room. There are four 460mm diameter motional feedback loud-speakers on the rear wall of the room. Special amplifiers drive the loudspeakers with the sinusoidal output of a function generator. A low frequency microphone in the room measures the level of low frequency noise incident on the doors. A small acceleration pickup, set up at the centre of a door, measures the vibration acceleration level. The six doors used are set out below:
Thin paper pasted sliding door on one side (Shoji, Japanese style) Sliding door with glass panels (Garasudo, Japanese style) Thick paper pasted sliding door on both sides (Fusuma, Japanese style) Solid wooden sliding door (European style sliding door) Solid wooden hinged door (European style) Wooden hinged door with glass panels (European style but with loose glass panels)
The Shoji, ( Figure 3 ) is a Japanese traditional sliding door and consists of wooden frames and wooden beams with thin paper pasted to the back of the frames and beams. The top of the Shoji is caught in a channel in a lintel and moves along a channel. The lower part of the Shoji slides along the shallow channel of a doorframe.
The sliding door with glass panels (Garasudo, Figure 4 ) consists of wooden frames and five glass panels. The frames have four horizontal beams and three vertical beams. Glass panels are held loosely in grooves in the horizontal beams. The top is held in a channel in a lintel as in the Shoji. There are two metal wheels under the sliding door and the wheels run on a steel rail in the doorframe.
The Fusuma resembles the Shoji. Both sides of the Fusuma are commonly pasted with thick paper or thin plywood (In the experiment, we used Fusuma covered with plywood).
DISTRIBUTION OF LOW FREQUENCY NOISE IN THE EXPERIMENTAL ROOM
The sound pressure level of low frequency noise on a door was measured at nine points as shown in Figure 5 . Figure the room at each frequency. The level differences are smaller than 3dB under 64Hz, while the differences are larger at l00Hz. The experimental room is suitable for experiments under 64Hz.
CHARACTERISTICS OF THIN PAPER PASTED SLIDING DOOR (SHOJI)
The impulse response of the Shoji was measured to evaluate the physical characteristics of the door and is shown in Figure 7 . The impulse response was obtained from the vibration caused by tapping the door with a plastic hammer. It shows a resonance frequency of 13Hz and a gentle peak at about 40Hz. Figure 8 shows the sound pressure level needed to vibrate the door at 90, 100 and 110dB vibration acceleration level (VAL, the reference value is l0 -6 m/s 2 rms according to ISO). The vibration acceleration level was measured by an acceleration pickup set up on the centre of the beam of the door. The difference of sound pressure level between the curves is nearly the same at all frequencies.
The vibration acceleration level rises proportionally to the sound pressure level. The frequencies of local minima of these curves accord with the resonance frequencies of the impulse response. Figure 9 shows an auditory threshold of rattling. An observer moved his ear near the door and listened to the rattling of the door. The threshold is the average level of rising and descending determinations. There are two local minima, 60.8dB at 13.5Hz and 73.9dB at 37Hz. These frequencies of local minima accord with the resonance frequencies, too. Figure 10 shows a visual threshold of rattling. An observer looked at every part of the door and detected the local vibration by eye. The visual threshold is the minimum level at which the observer can detect the vibration of any part of the door. This curve has also local minima at resonance frequencies. The levels of local minima are 49.2dB at 14Hz and 70.5dB at 36.5Hz. 
CHARACTERISTICS OF THE SLIDING DOOR WITH GLASS PANELS (GARASUDO)
In many cases, rattling occurs on sliding doors and windows with glass panels because the door or window with glass panels tends to rattle easily due to movement between the glass panels and frames and the rattling noise is easily noticed. Figure 11 shows the impulse response of the Garasudo door. There is a resonance at 6Hz. Figure 12 shows the sound pressure level needed to vibrate the door at 90, 100 and 110dB(VAL). The difference of sound pressure level between the curves of VAL 90dB and VAL 100dB is nearly 10dB at all frequencies, however the difference between the curves of VAL 100dB and VAL 110dB is fluctuating. The reason is that the door rattles very loudly at VAL 110dB and the sound pressure level inside the room is influenced by the vibration of the door. Figure 13 shows the auditory threshold of rattling. The minimum level was 52.5dB at 6.3Hz. Levels of local minima are 61.3dB at l0Hz and 70.5dB at 16Hz. Figure 14 shows a visual threshold of rattling. The minimum level was 60.5dB at 6.3Hz. This curve has a local minimum at l0Hz.
It is a common characteristic in these threshold curves that the curves have minima at resonance frequencies. Figure 15 shows auditory thresholds measured at various seasons of the year. These thresholds are roughly proportional to frequency and the threshold curves changes partly according to season. These phenomena are probably caused by temperature and humidity. 
AUDITORY AND VISUAL THRESHOLDS OF SIX DOORS
The auditory thresholds of all the doors are shown in Figure 16 . All the curves have local minima at resonance frequencies. These curves can be classified into three groups as doors with glass panels (Garasudo, and hinged wooden doors with glass panels), lightweight doors without glass (Shoji and Fusuma) and solid doors without glass panels (solid wooden sliding door and solid wooden hinged door). Threshold levels of the doors with glass panels are notably lower than the other doors. The reason is that the glass panels make noise readily in their frames. The minimum auditory threshold curve is shown approximately according to the minimum levels at each frequency of all the doors. The gradient of the right-hand part of the curve is 5-6dB/oct. Figure 17 shows the visual thresholds for all the doors. These curves can be classified into three groups like the auditory thresholds. The gradient of the minimum threshold of the right-hand part is 15-16dB/oct. The gradient of the visual threshold curves is larger than the auditory curves, because the visual threshold depends on the amplitude of door vibration, while the auditory threshold depends on the velocity or acceleration of the doors.
CONCLUSION
We measured rattling phenomena for various Japanese and European doors in a low frequency noise generation room and obtained auditory and visual threshold curves. These threshold curves have minima at the resonance frequencies of each door. Some of the threshold curves change at low frequencies because of the influences of temperature and humidity. The threshold curves can be classified into three groups, doors with glass panels, lightweight doors without glass panels and solid doors without glass panels. The doors with glass panels have a tendency to rattle easily at low frequencies.
Lightweight doors are easily vibrated and rattled. The Minimum auditory threshold of rattling rises at 5-6dB/oct according to frequency, but the minimum visual threshold of rattling rises at 15-16dB/oct.
The thresholds of Japanese traditional doors are lower than European doors. But at resonance the threshold of European doors is fairly low and there may be the possibility of rattling phenomena in Europe. 
